Superconductors are categorised as either type-I or type-II depending on their behaviour under a magnetic field. The existence of both types of superconductivity in the same material is rare and of great experimental and theoretical interest. Here we have used the muon spin rotation (µSR) technique to unveil the superconducting phase diagram of the dodecaboride ZrB12. Analysing the local magnetic field distribution obtained from the µSR spectra we identify regions of a Meissner state where the applied magnetic field is entirely expelled from the sample, an intermediate state where normal and Meissner states coexist, and a mixed state where a well-defined flux-line lattice is formed. Neutron diffraction data confirm the presence of a mixed state with a square flux-line lattice at all temperatures and applied magnetic above 175 Oe. While Meissner and intermediate states are the characteristic features of type-I superconductors, the mixed state exists only in type-II superconductors. We also observe regions of the phase diagram where the type-I and type-II states overlap and coexist, which is of relevance in the context of type-1.5 superconductivity. The results strongly suggest that the Ginzburg-Landau parameter of ZrB12 varies as a function of temperature so that pure type-I and type-II, as well as different coexisting states, are realised in this system.
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PACS numbers:
The response of a superconductor in a magnetic field is characterised by distinct length scales, which depend on a few key parameters of the material [1] . The penetration depth, λ, describes the length scale of magnetic field variation. The coherence length, ξ, defines the length scale of the spatial variation of the macroscopic wave function describing the superconducting state. The ratio of these two quantities is the GinzburgLandau parameter, κ = λ ξ . If κ < 1 √ 2 , the magnetic field is expelled or excluded from the body of a superconductor except for a layer of thickness λ. Such a superconductor is described as a type-I or soft superconductor. This property exists up to a critical field of H c . For higher applied fields, H ≥ H c , the superconductor returns to the normal state and the field penetrates the bulk of the sample. The flux expulsion is known as the Meissner effect, and the superconductor behaves as an ideal diamagnet below H c . However, in a sample with non-zero demagnetization factor (N > 0) even in a small applied field fulfilling the condition H c (T ); (1 − N ) ≤ H ≤ H c (T ). The field along the surface can exceed the critical field in parts of the sample, especially at edges, thus allowing the magnetic flux to penetrate at these areas. In this situation, fluxfree superconducting regions (B = 0) and normal regions with an internal field of ≈ B c coexist microscopically and rather complex field textures are formed to minimise the total free energy. Such a state is known as the intermediate state and is a characteristic feature of a type-I superconductor. For superconductors with κ > 1 √ 2 , it is energetically favourable for the magnetic flux to penetrate the sample in the form of flux-lines parallel to the applied field also known as Abrikosov vortices. The repulsive interactions between these vortices tend to produce a stable lattice structure (usually triangular) over the entire volume of a sample. These vortices exist from a lower critical field H c1 up to an upper critical field of H c2 . This state is called mixed state and is the main feature of a type-II superconductor. For H ≥ H c2 , the vortices disappear due to the overlap of the core regions and the sample returns to the normal state. The interaction potential between vortex lines is attractive for Type-I and repulsive for Type-II systems, or equivalently the surface free energy between normal and Meissner domains positive and negative. An interesting situation arises around the point κ = 1 √ 2 where the interaction vanishes at all distances [2] or when the usually repulsive interaction in a type-II superconductor has an attractive tail. In this case both type-I and type-II behavior with regions in the Meissner state and regions filled with vortices have been observed in the same sample and named intermediate mixed state (IMS) [3] [4] [5] . More recently, the existence of a new type of superconducting state has been claimed in multi-band superconductors ('type-1.5 superconductivity' in MgB 2 ) based on similar observations [6, 7] . Experimentally such coexisting states have been generally visualized by decoration and SQUID scanning techniques or inferred from magnetization measurements. Matthias et al. [8, 9] in the late 1960's. Amongst the dodecaborides M eB 12 (M e = Sc, Y, Zr, La, Lu, Th) ZrB 12 has a relatively high T c of 6.1 K and displays a variety of deviations from the conventional superconducting behaviour. Several models have been proposed to explain its superconducting properties, including the picture of ZrB 12 as a conventional superconductor with enhanced surface effects [10, 11] , as a strongly-coupled swave material [12] , or as a superconductor with different superconducting gaps and T c 's described by a two-band Bardeen-Cooper-Schrieffer (BCS) model [13] . Even dwave superconductivity has been proposed for this compound [14] . These arguments continue to this day [17] . Recent band-structure calculations concluded that the Fermi surface of ZrB 12 is composed of an open and a closed sheet [18] which might be the source of multiband character. The value of κ is close to 1 √ 2 so that this material lies very close to the cross-over region between type-I and type-II superconductivity [10] . Specific heat measurements as a function of field show a normalto superconducting-state transition which changes from a first-order type with latent heat, to a second-order type without latent heat with increasing magnetic field [19] .
Superconductivity in ZrB
Here we report muon spin rotation/relaxation (µSR) measurements on single crystals of ZrB 12 . This technique has been widely used to map the phase diagram and study the microscopic properties of the vortex and Meissner state of superconductors [20, 21] . Investigations of the intermediate state by µSR have been limited to a few elemental superconductors [22] [23] [24] [25] , however, recently, there has been increased attention in conjunction with the nature of the superconductivity of the noncentrosymmetric BeAu [26, 27] . We mapped the inhomogeneous magnetic field distributions and identify and characterise the different superconducting states in the H-T phase diagram of ZrB 12 , which includes, beside Meissner, mixed and intermediate state, a mixed-Meissner state and a mixed-intermediate state. To our knowledge the latter has never been observed previously. We ascribe this behavior to a temperature dependent κ parameter. This result suggests that in a material with low, temperature dependent κ the full richness of superconducting states can be realized and can coexist.
The µSR experiments were carried out using the MuSR spectrometer [28] of the ISIS facility at the Rutherford Appleton Laboratory. A mosaic of seven single crystal discs of ZrB 12 (of thickness 1.5-2 mm, and diameter 4-5 mm), all aligned with the crystallographic c-axis parallel to the incident muon beam, was used for the experiment. The measurements were performed in the transverse-field (TF) configuration, i.e. with the magnetic field applied perpendicular to the initial muon spin polarisation. In the chosen geometry the demagnetisation factor of the samples is between 0.24 and 0.3. We applied fields between 50 and 600 Oe to fully cover the superconducting phase diagram of ZrB 12 and field cooled the sample.
The TF-µSR asymmetry spectra were transformed into a probability of field versus magnetic field spectra by a Maximum Entropy (MaxEnt) algorithm [29] to identify the dominant field components. Based on this information, the TF-µSR spectra were analysed in the time domain using a sum of Gaussian field distributions to quantify the different magnetic field distributions present in the sample as a function of temperature and field. Details of the µSR technique, of the sample preparation and characterisation, and of the fitting functions are given in the Supplemental Material. Figures 1 b, d , and f show the TF-µSR time spectra for the corresponding states. The solid lines are the fits to the data. Details of the fit function are given in the Supplemental Material. At 3.6 K, for an applied field of 50 Oe, which is well below H c1 at this temperature, ZrB 12 is in the Meissner state. This is clearly reflected in the observed field distribution showing a strong component at zero magnetic field. The presence of Zr nuclear moments leads to a typical slow relaxation of a Kubo-Toyabe type [30] for the zero field component. The weak contribution at the applied field value is a background signal that is mainly due to the muons stopping in the cryostat walls and other parts of the sample holder. The absence of any additional peaks implies that the magnetic field is completely expelled from the body of the superconductor. In a type-I superconductor, demagnetisation effects may induce the intermediate state, a stable coexistence of the magnetic fields with regions of zero field and regions of internal field ≈ B c . The topology of these regions can be fairly intricate and depends on several factors, such as sample shape and magnetic history. Existence of the intermediate state in ZrB 12 is clearly seen in the Max-Ent data and the corresponding time spectra, collected at 5.2 K and 50 Oe (see Fig. 1 c) . Besides the background peak at 50 Oe, we also observe a peak at higher field ≈ 60 Oe, as well as a peak at B = 0, as expected in the intermediate state.
In an applied field of 350 Oe (between H c1 and H c2 ), ZrB 12 is found in the mixed state. Such a state is characterised by the presence of a lattice of quantized flux lines. This leads to a distribution of internal fields starting at a minimum value and increasing in weight up to the so-called saddle point of the field distribution, which is the most probable field, before falling with a long tail to a maximum field value corresponding to the region close to the vortex core. This signal is well described by a Gaussian distribution of fields centred at the saddle point, which is around 230 G in this case, (see Fig. 1 e) , and displays the expected diamagnetic shift with respect to the applied field. Also in this case we observe a background signal at the applied field of 350 Oe. It is important to note that the absence of the peak at B = 0 shows that the full volume of the sample is in the mixed state.
In Fig. 2 , the time-dependent asymmetry spectra (b and d) and the corresponding MaxEnt visualisation (a and c) clearly demonstrate that there are regions with inhomogeneous field distribution in the phase diagram displaying a coexistence of the Meissner and the mixed states as well as a coexistence of the intermediate and the mixed state. We denote these regions as the mixed-Meissner and mixed-intermediate states, respectively. Figures 2 e and f show that at 1.4 K, for an applied field of 500 Oe, ZrB 12 returns in the normal state. Here, the field penetrates the bulk of the sample completely, and we observe a homogeneous field distribution in the TF-µSR time spectra, corresponding to a single peak at the applied field position in the MaxEnt data. Figures 3 a, b , and c show the MaxEnt visualisation of the local field distribution as a function of temperature, collected for three different applied fields. Figure 3 a shows the temperature dependence of the internal field distribution at 50 Oe, displaying the change from Meissner to intermediate to normal state with increasing tem- experiments and computations for superconductors with κ close to 1 √ 2 [4, 5] and for elemental Nb by small angle neutron scattering experiments [15, 16] .
One condition for this state (also named intermediate mixed state, IMS) to occur is that besides the usual repulsive interaction within the vortices, it also has an attractive component [31] . A close experimental situation featuring both type-I and type-II behaviour was found in a multi-band superconductor such as MgB 2 [6, 32] , which shows regions with an inhomogeneous clustering of vortices and regions void of vortices. It was argued that the different coherence lengths and penetration depths of the two bands of MgB 2 place the superconductor in a regime of a unique combination of a type-I and type-II superconductor realizing a novel superconducting state named 'type-1.5 superconductivity', fundamentally different from type-I and II. This behaviour, consistent with a theoretical modelling of the semi-Meissner state of a two-component superconductor [7] , was also related to an attractive intervortex interaction. Usually, in a type-II superconductor, such interactions are primarily repulsive. However, at low fields where the flux-lines are separated by a considerable distance, there may be a small attractive component.
Further theoretical work on this topic has predicted that a type-1.5 behaviour can also arise in the case where only one band is truly superconducting while superconductivity in the other band is induced by an inter-band proximity effect [33] . The idea of 'type-1.5 superconductivity' was, however, later rejected by E. H. Brandt et al. who remarked that the assumption of two independent order parameters with different penetration depths and coherence lengths is unphysical for a superconductor with single transition temperature T c [31] . K. V. Grigorishin has also suggested that such a scenario would violate the phase relations between the order parameters [34] . Experimentally, such a state is also difficult to distinguish from a mixture of a vortex state with disorder induced by pinning at low fields and a Meissner state. Our experimental finding on ZrB 12 showing the realization of a wide and rich coexistence region in a low-kappa type-II superconductor is of relevance in this context suggesting that it may not be necessary to postulate a new superconducting type to explain the observation.
We have also determined the temperature dependence of the GL parameter κ (see Fig. 4 
where H c is the thermodynamic critical field and H c2 is defined here as the field of flux entrance. The temperature dependence of H c and H c2 were estimated from the virgin magnetisation curves of ZrB 12 , shown in the Supplemental Material. The value of κ is found to be very close to 1 √ 2 for T 4 K thus confirming type-I superconductivity in ZrB 12 . κ increases as we lower the temperature: at 1.8 K it is clear that the material is well into the type-II region. The temperature evolution of κ(T ) is in agreement with the microscopic µSR results and demonstrates that the change with temperature produces both type-I and type-II superconductivity and the corresponding coexistence phases in the same material.
Small-angle neutron scattering (SANS) measurements allow us to confirm and characterise the flux-line lattice (FLL) in the mixed state of ZrB 12 . The measurements were done using a different crystal to those used for the µSR measurements as we had to replace natural B with 11 B isotope to reduce the neutron absorption. The measurements were performed using the D22 instrument at ILL, Grenoble. Further details of the SANS technique are given in the Supplemental Material. An example of the diffraction images obtained is presented in Fig. 5 for an applied field along the a axis. It is interesting to note that the flux-line lattice is square for all fields and temperatures in the mixed state of ZrB 12 . Non-hexagonal vortex lattices are often associated with unconventional superconductivity [35] . However, such effects can also be produced by non-locality [36, 37] . Since our experimental data suggest that ZrB 12 is a marginal superconductor with a large core, it is likely that for an applied field along a high symmetry cubic direction, the super-currents flow around the core will also have square symmetry and the associated flux-line lattice will also be square. To conclude, by µSR and neutron measurements we have elucidated a rich superconducting phase diagram of ZrB 12 . This works decisively demonstrates that in a marginal superconductor such as ZrB 12 , a change of temperature can produce both type-I and type-II characteristics in the same compound. The evolution of the two types is related to a gradual change of kappa with temperature. The mixed state is stable at all temperatures when the applied magnetic field is greater than 275 Oe up to H c2 . It would be interesting to extend our studies using low energy muon beams [21] to probe the near surface region in order to map and compare the superconductivity in this region with the bulk and to address the role of multi-band effects on surface superconductivity. It would FIG. 5: Neutron diffraction image of the scattered intensity from the flux-line lattice in ZrB12.The lattice was grown under an applied field of 300 Oe and the measurement performed at 1.6 K using a neutron wavelength of 10Å. This figure was produced by counting with the neutron beam approximately parallel to the applied magnetic field. The presence of higher order reflections in this image indicates that a rather well ordered lattice structure is produced by the cooling procedure.
be also interesting to study such H-T phase diagram in other low-κ superconductors to verify its universality.
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